
Compensation method for attenuated planar laser
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We present a method for compensating laser attenuation in optically dense sprays, in particular for use
in combustion engine research. Images of the fuel sprays are produced by planar laser imaging, where
Mie scattered light from a cross section of the spray is imaged onto a CCD camera. The compensation
scheme is based on the Beer–Lambert law, which is used here to sum up the loss of light along the path
of the laser in the image, and to compensate iteratively, pixel by pixel, for this loss. © 2000 Optical
Society of America
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1. Introduction

The interest in spray characterization is mainly due
to the many applications of sprays in aerosols and
combustion systems and to the need for understand-
ing the spray behavior to improve the performance of
these differing systems. In combustion engines
there is also currently a trend toward increased use of
fuel injection based on high-pressure spray injectors
in direct-injected Otto and two-stroke engines and in
diesel engines.1

The overall shape of a spray, and its penetration
length into the receiving media, can be measured by
means of photography, either direct or backlit by
flash lamp or laser.2 The extent of the vapor cloud
surrounding the spray can be seen by means of
schlieren imaging3 or laser-induced fluorescence
~LIF! of the fuel vapor.4 However, measuring the
internal properties of a spray, such as its breakup
from bulk liquid into smaller droplets, their size and
number density, is difficult. Methods that have
been used to measure droplet distributions include
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phase Doppler anemometry, interferometric laser
imaging,6 extinction measurements,7,8 and polariza-
tion ratio light-scattering measurements.9,10 Phase
Doppler anemometry and laser interferometry mea-
sure the size and the number of droplets passing
through a measurement point, but the results become
unreliable when the methods are applied to the core
of the spray, close to the spray nozzle where the num-
ber density of droplets is highest and where their size
and shape vary the most. The extinction method
measures the integrated ~line of sight! mean droplet

iameter, and a local mean droplet diameter can also
e measured. The polarization ratio method mea-
ures a local mean droplet diameter.
With the method we describe here, laser sheet

maging, we aim to image cross sections through the
pray, to reveal the internal structure through the
ptical density, which is measured with this
ethod. It is a technically simple method, which

akes advantage of the new, high-resolution CCD
ameras available today. In a single image it gives
two-dimensional cross section through the spray,

ielding both radial and axial information. The
ime evolution of the spray is covered by recording
f a sequence of images from different times in the
pray cycle.
In laser sheet imaging a laser beam shaped into a

hin ribbon is sent through the spray. The plane of
he laser defines the cross section of the spray that is
maged, with the thickness of the laser ribbon setting
he depth of the image. The technique works well in
edia that are optically thin, that is, where the laser

s attenuated by only 10% or less after passing
hrough the spray. When the medium is not opti-
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cally thin, as in the core of a fuel spray, the quality of
the images is degraded, and interpretation becomes
difficult. Laser sheet imaging can be based on sev-
eral different optical principles,11 one of which is elas-
tic light scattering from liquid surfaces and
droplets.12 With this method the liquid in the spray

eeds to be completely transparent for the laser light
o avoid absorption and additional attenuation of the
ight.

The light scattering from small particles or drop-
lets can be analyzed with Mie scattering formalism.
Owing to interference, the scattered intensity from a
small droplet is a complicated function of the droplet
shape, size, scattering angle, and wavelength,13 with
the extreme case being a nearly complete extinction
of the scattered light ~destructive interference!.

2. Experimental Setup

An overview of the experimental setup is shown in
Fig. 1. The light source is a XeCl excimer laser with
wavelength 308 nm, pulse energy of 80 mJ, and pulse
length of ;20 ns. The beam has a rectangular shape

ith sides 3 cm 3 1.5 cm. Excimer lasers have a
relatively low directionality, which is a problem when
a tight focus is necessary. Since we ideally want to
study a two-dimensional cross section of the spray, it
is important that the laser sheet be as narrow as
possible. For this reason the beam was filtered as
discussed below. The laser beam, 3 cm in height and
1.5 cm in width, is focused by a cylindrical f 5 150
mm quartz lens ~see Fig. 2!. This lens focuses the

Fig. 1. Overview of the experimental setup.

Fig. 2. Top view of the experimental setup with the beam optics
included.
beam in the horizontal plane but leaves the vertical
3-cm height unaffected. A slit, 0.02 mm in width, is
placed in the focus of the laser beam. Diverging
parts of the laser beam will not focus correctly and
will be rejected by this spatial filter. Next, the beam
passes a second cylindrical lens ~f 5 150 mm! posi-
tioned after the slit such that it refocuses the light at
the centerline of the spray. At the focus of this light
sheet we get an image of the spatial filter described
above, with a beam waist of 30 mm ~the extra width
compared with the filter is due to diffraction effects!.

The spray equipment consisted of an in-line diesel
pump, with a peak pump pressure of approximately
350 bar, and a Bosch fuel injector with a specially
made, single-hole nozzle, on axis. The bore of the
nozzle has a diameter of approximately 0.2 mm.
The opening pressure of the injector ~spring activat-
ed! was adjusted to 245 bar. The liquid injected was
ethanol, chosen because it is transparent to 308-nm
light. The ethanol spray was injected into air at
atmospheric pressure and at a temperature of 295 K,
which was the operating condition in this study.
The duration of the injection was 1 ms, measured
with a needle lift gauge, which was also used to syn-
chronize the laser with the spray start.

Light scattered at 90° from the direction of the
laser beam was collected with a quartz telephoto lens
~Nikon! and imaged onto a thermoelectrically cooled
CCD camera with a magnification of 2.7 ~Spectra
Source, Model Teleris 2, with a CCD array of fabri-
cate Kodak KAF 1400!. The CCD array was 1317 3
1035 pixels in size, with each pixel 6.8 mm 3 6.8 mm,
read out through a 12-bit resolution analog-to-digital
converter. Also, a bandpass filter ~Schott UG11!
centered on the laser wavelength, 308 nm, was
mounted on the telephoto lens to suppress stray light
and, to some extent, various fluorescence light. The
FWHM bandwidth of the filter was 110 nm. With
this experimental setup we could record one image
per spray cycle. The long readout time ~1–2 s! of the
CCD chip did not allow for multiple exposures during
a single spray cycle ~which lasts only 1 ms!.

An example on the images recorded with this setup
is shown in Fig. 6. The laser sheet is impinging into
the spray from the left-hand side, giving rise to a
higher intensity on the left-hand side of the spray in
the image. The image intensity then falls rapidly
toward the right and is low at the right edge of the
spray. This is the attenuation problem that we are
attempting to solve.

3. Compensation Scheme for Laser Attenuation

To describe our problem, some definitions are now
introduced. The optical density r~x! per unit length
is the density of the scattering cross section s per unit
olume ~note that this is different from the normally
sed definition of optical density!. An incoming la-
er ray of light can either be reflected or transmitted;
hat is, absorption is assumed to be negligible. In an
nfinitesimal volume we thus get, by definition, ds 5
10 March 2000 y Vol. 39, No. 8 y APPLIED OPTICS 1261
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rdV 5 rAdx where dV is an infinitesimal volume and
is the area. This gives

s(x) 5 A*
0

x

r~x9!dx9 1 C, (1)

where C is an integration constant. Here x 5 0 cor-
esponds to the point where the laser beam enters the
pray. The power scattered from an infinitesimal
ross section ds is given by dP 5 2Ids. The inten-

sity of the laser beam I after this scattering will be
decreased by dPyA; therefore

dI 5 2
I
A

ds, (2)

I 5 C9expS 2
s

AD, (3)

where C9 is an integration constant. With Eq. ~1!
nserted we obtain

I~x! 5 C9expF2*
0

x

r(x9)dx9 1 2
C
AG. (4)

Finally, using the boundary condition I~x 5 0! 5 I0
gives us

I~x! 5 I0 expF2*
0

x

r~x9!dx9G, (5)

hich is Beer–Lambert’s law. In a uniform spray
ystem in which the optical density is constant the
xpression for the laser attenuation in Eq. ~5! be-
omes a simple exponential function of the distance.

Now, to relate the scattered light captured by the
CD array to the optical density in the spray ~respon-
ible for the attenuation of the laser!, we need one
ore assumption linking the cross section s to the

ignal observed at the CCD chip s~x!. The ds at a
osition x is a sum over the individual scattering
ross sections s of each droplet at that point. The s

of each droplet can be written as

stotal 5 *
0

180

s~u!du, (6)

where s~u! is the droplet’s cross section scattering
into the angle u.

The geometry of our setup means that we are mea-
suring only the light that is scattered through 90°,
and we are not detecting any light scattered into
other directions. Thus our assumption is that the
light detected at 90°, for each droplet, is proportional
to the total cross section s for that droplet. That is,

s~90°! 5 const stotal . (7)

This approximation is valid for the majority of spher-
ical droplets, with the exception being the set of drop-
lets for whom destructive interference gives rise to
extinction of light scattered at 90°.13,14 We are thus
262 APPLIED OPTICS y Vol. 39, No. 8 y 10 March 2000
assuming that the set of droplet sizes that gives rise
to ~near! extinction is not sufficiently prevalent in the
pray to affect our measure of r 5 dsydV.
With this assumption, the signal s~x! on the CCD

rray coming from a position x in the spray can be
elated to r~x! by:

s~x! 5 C0r~x!I~x!, (8)

where C0 is a constant @consisting of the constant
from Eq. ~7!, multiplied by the detection efficiency of
the optical system and the width of the laser sheet#
and I~x! is the intensity of the laser beam at position
x.

The assumption of Eq. ~7! could be violated in the
geometrical optics limit. For example, if the laser
hits an extended liquid surface, the orientation of this
air–liquid interface becomes important. Properly
oriented, the entire s for the surface could be scat-
tering at 90°, rather than a small percentage.

From Eq. ~8! the rest of the derivation follows by
insertion of Eq. ~5!:

s~x! 5 C0r~x!I0 expF 2 *
0

x

r~x9!dx9G. (9)

Denoting s~x 5 0! by s0, r~x 5 0! by r0, and I~x 5 0! by
o in Eq. ~8! enables us to replace C0I0 with s0yr0, and

thus Eq. ~9! can be written as

d
dx HexpF2*

0

x

r~x9!dx9GJ 5
2 s~x!

s0yr0
. (10)

Integrating, we get

expF 2 *
0

x

r~x9!dx9G 5
2 r0

s0 *
0

x

s~x9!dx9 1 C1. (11)

Solving for the case x 5 0 gives C1 5 1, and therefore

2 *
0

x

r~x9!dx9 5 lnF1 2
r0

s0*0

x

s~x9!dx9G, (12)

which finally gives

r~x! 5
s~x!

s0yr0 2 *
0

x

s~x9!dx9

. (13)

Equation ~13! can be used to estimate the optical
density from the observed signal on the camera and
thus compensate for the attenuation suffered by the
laser as it passes through the spray. This compen-
sation adjusts for the laser being attenuated on its
path into the spray, but it neglects the attenuation of
the scattered light on its way to the detector. This
attenuation due to multiple scattering could be
treated in an average fashion based on the cylindrical
symmetry of the problem and could be compensated
for in the solution. This will be incorporated in the
model in the future.
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The equation for the CCD signal, namely Eq. ~9!, is
similar to the expressions found for planar LIF mea-
surements in Ref. 15. With a bidirectional setup with
counterpropagating laser sheets, the quenching and
attenuation terms can be eliminated for the planar LIF
case. If this could be realized experimentally, the
same approach could work for spray measurements,
but the micrometer precision needed to overlap thin
laser sheets, and the much stronger attenuation en-
countered in the spray, would make this difficult.

4. Algorithm

Here we discuss the details of the algorithm used in
practice. Since ~refer to Section 3!

s~x! 5 C0r~x!I~x! 5
s0

r0
r~x!expF2*

0

x

r~x9!dx9G (14)

can be written as

s~x!expF*
0

x

r~x9!dx9G 5
s0

r0
r~x!, (15)

and denoting

snew~x! 5
s0

r0
r~x!, (16)

Fig. 3. Compensating a synthetic image reflecting a single expo-
nential decay: ~a! original image, ~b! image after compensation,
~c! horizontal profiles.
we get

snew~x! 5 s~x!expFr0

s0*0

x

snew~x9!dx9G. (17)

In practice, we replace the integral in Eq. ~17! with a
ummation, and we use the following algorithm for
ompensating the images in a discrete way:

Si
new 5 Si

old expSK (
j50

j-i21

Sj
newD, (18)

where Si
old is the observed pixel intensity, Si

new is the
compensated value for that pixel, and K is a constant
corresponding to r0ys0 in Eq. ~17!.

The constant K needed to perform the compensa-
tion is unknown, and thus we have to find the optimal
value that would give us the right compensation.
Since the spray is injected from a cylindrically sym-
metric nozzle, it will be symmetric around the cen-
terline ~the line passing through the center of the

ozzle!. We use this to determine K such that the
left- and the right-hand sides of the spray image be-
come balanced. Specifically, we have chosen the cri-
teria for optimizing the K factor to be minimizing the
difference between the left and the right halves of the
average profile of each image. This profile is the
average of all the profiles across the spray throughout
one image ~see Figs. 7–9 below!.

5. Results and Discussion

First, we tested the compensation algorithm on some
synthetic images to illustrate the method. Figure

Fig. 4. Compensating an experimental test image of latex micro-
spheres in solution: ~a! original image, ~b! image after compen-
sation, ~c! horizontal profiles. Each pixel represents 2.5 mm 3 2.5
mm.
10 March 2000 y Vol. 39, No. 8 y APPLIED OPTICS 1263
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3~a! shows the simplest case, a single exponential
decay from left to right.

Figure 3~b! shows the result of applying our com-
pensation algorithm on this image. The compen-
sated image is uniformly white, with the constant
intensity equal to the starting intensity at the left-
hand side of the exponentially attenuated one. The
optimal K factor determined by the algorithm is the
one maximizing the symmetry of the profiles across
the image around its centerline ~which in this case
meant flattening the exponential fall off to a line with
a constant level!. Figure 3~c! shows a profile across
both images ~from left to right!. The determined
ompensation factor is evidently the same as the one
sed to synthesize the image.
Our next step was to apply the algorithm on a sim-

lified experimental situation. Figure 4~a! shows the
attenuation of the laser sheet traversing an aqueous
monodisperse suspension of 0.5-mm-diameter polysty-
rene latex microspheres ~Duke Scientific Corporation!
contained between two thin glass plates. The laser
sheet was propagated in the suspension, between the
glass plates, whereas the CCD camera was positioned
normal to the glass plates, imaging the light scattered
at 90° through the glass. The spheres were homoge-
neously distributed and thus suitable for the purpose
of testing our algorithm on a homogeneous medium
with an almost constant optical density. Figure 4~b!
shows the result of applying our compensation algo-
rithm on the original image shown in Fig. 4~a!.

Fig. 5. Compensating a synthetic image with three different op-
tical densities: ~a! original image, ~b! image after compensation,
~c! horizontal profiles.
264 APPLIED OPTICS y Vol. 39, No. 8 y 10 March 2000
Finally, in Fig. 4~c!, the profiles along one horizontal
pixel row for the original and compensated images are
presented. The algorithm was successful in restoring
the constant optical density of the microsphere suspen-
sion, except for local fluctuations, which were already
present in the original profile.

Figure 5~a! shows a synthetic image illustrating
the case in which the laser beam passes through

Fig. 6. Original spray image representing a 3.3 mm 3 0.83 mm
rea ~each pixel represents 2.5 mm 3 2.5 mm!. The arrows mark
he locations of sample horizontal profiles shown in Fig. 11.
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three media, each with a different optical density.
The optical density in the first region is double that in
the second and quadruple that in the third region.
Note that the exponential fall-off factor is related to
the starting intensity; that is, if the optical density in
a region is reduced by a factor F, then the attenuation

Fig. 10. Spray image shown in Fig. 6 after compensation ~each
pixel represents 2.5 mm 3 2.5 mm!. The arrows mark the loca-
tions of sample horizontal profiles shown in Fig. 11.
Fig. 7. Average horizontal profile for the spray image shown in
Fig. 6 before ~thick curve! and after ~thin curve! compensation.

ach pixel represents 2.5 mm.
Fig. 8. Original average profile shown in Fig. 7 with the left-hand
side mirrored horizontally. The bars show the average value for
the left- and the right-hand sides. Each pixel represents 2.5 mm.
Fig. 9. Average profile after compensation with the left-hand side
mirrored horizontally. The bars show the average value for the
left- and the right-hand sides. Each pixel represents 2.5 mm.
10 March 2000 y Vol. 39, No. 8 y APPLIED OPTICS 1265
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factor is reduced by the same factor and the scattered
light intensity is reduced accordingly. Figure 5~b!
hows the result of applying our compensation algo-
ithm on the synthetic image discussed above, where
uccessful restoring of the piecewise constant optical
ensity was achieved. Figure 5~c! shows a profile
cross both images ~from left to right!.
Now, before we show how the algorithm worked on
real spray image, we first discuss an aspect of the

pray images, which we handled prior to applying the
ompensation algorithm. Parts of the spray images
howed some bright regions with intensities much
igher than those of the rest of the spray. This prob-
bly occurs because the scattering angular distribu-
ion at these locations does not follow our assumption
f being uniform; instead, there was a strong scatter-
ng toward the direction of the camera. This could
appen if the spray contains large droplets that be-
ave like mirrors, instead of the more uniform Mie
cattering behavior in our model. Since this behav-
or does not follow our model, we filtered out these hot
pots before compensation. The filtering procedure
emoved any pixel PHS with intensity I~PHS! that

exceeded nine times the standard deviation of the
distribution of the spray body S and replaced it with
the local average of its neighbors.

Next, we show the results of compensating the
spray images. Figure 6 shows the original spray
image. The laser penetrates the spray from the left-
hand side. Figure 7 shows the average profile for
that image both before ~thick curve! and after ~thin
urve! compensation. The next graph, Fig. 8, shows

Fig. 11. Example profiles through the spray image before ~thick c
right-hand corner of each subplot refers to the profile position ~in p
6 and 10. Each pixel represents 2.5 mm.
266 APPLIED OPTICS y Vol. 39, No. 8 y 10 March 2000
he same average profile, before compensation, but
ith its left half ~side! flipped horizontally by 180°

mirrored horizontally! and overlaid on its right half
side!, to better illustrate the asymmetry of the pro-
le. The bars show the average value for the corre-
ponding left and right halves ~sides!. Figure 9
owever is similar to Fig. 8 but shows the two halves
sides! of the average profile after compensation.

Figure 10 shows the final result: the spray image
after compensation. Finally, Fig. 11 shows sample
profiles taken at different positions of the spray im-
age both before ~thick curve! and after ~thin curve!
compensation. The arrows in Figs. 6 and 10 indicate
the positions of these profiles.

The compensation process sometimes affects the
image quality negatively by rendering some areas
streaky in the compensated images. This problem
arises because the spray system is in reality three
dimensional, with multiple scattering carrying pho-
tons starting out traveling at an initial height in the
spray ~corresponding to one pixel row! into a different

eight, where they are registered on the CCD chip in
he row corresponding to the final height. Our
odel does not take this into account, since it is

trictly one dimensional; i.e., photons cannot move
etween rows in our model. The numerical varia-
ion caused by the streakiness is not significant, in
he sense that single profiles from the images do not
ignificantly deviate from the local average.
A future goal is to perform calibrations to test
hether it is possible to extend the analysis by means
f relating the scattering cross section to the surface

! and after ~thin curve! compensation. The number in the upper
! in the original and the compensated images as indicated in Figs.
urve
ixels
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2. H. Sjöberg, G. Manneberg, and A. Cronhjort, “Long-working-
area of droplets in the spray. For droplets in a lim-
ited size range, from 0.1 mm to a few tens of microme-
ters in diameter, the scattering cross section for
scattering through a 90° angle can be approximated
as being proportional to the projected surface area of
the droplets. If this approximation can be validated,
it should be possible to extract information about the
total surface of the droplets present at each point in
the spray.

6. Conclusions

Laser sheet imaging of spray cross sections and the
development of routines that can correct for laser
attenuation in the images are aimed at gaining in-
formation about the spray core, in applications such
as high-pressure fuel-injection systems. The com-
pensation method described in this paper is based on
Mie scattering formalism and uses an algorithm for
iterative inversion of the Beer–Lambert law for the
spray system. The method is shown to work well for
the test case of an aqueous suspension of polystyrene
spheres. When applied to spray images, the whole
image is successfully compensated with the same
choice of the compensation factor used everywhere in
the image. The main use of the method lies in the
interpretation of cross-section profiles of the spray.
One example is to measure the breakup length, i.e.,
the distance from the nozzle where the liquid column
is shattered into droplets. A second example is the
study of cavitation in the spray nozzles and the ques-
tion of whether or not these cavitation bubbles can be
detected in the liquid outside the nozzle. The laser
sheet method is well suited for cavitation studies,
since it gives no signal in a solid liquid column but
reacts with strong light scattering if bubbles are
present in the liquid. To make the method quanti-
tative, calibration studies of how the scattered light
intensity depends on droplet size, and number den-
sity will be needed.

We are grateful to the Chalmers Foundation and
the Combustion Engine Research Center ~CERC! for
heir financial support.
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